INTRODUCTION
To understand how neural circuits operate and carry out certain computations, it is essential to observe the signals that are transmitted from cell to cell. Synaptic transmission via chemical synapses proceeds in four major stages: (1) Depolarization in the presynapse opens voltage-gated calcium channels. (2) The resulting calcium influx leads to the fusion of transmitter-filled vesicles and the presynaptic membrane. (3) Transmitter molecules are released into the synaptic cleft where they diffuse and bind receptors in the postsynaptic membrane. (4) The subsequent activation of these receptors leads to opening or closing of ion channels, either directly or indirectly, with the resulting ion flux ultimately changing the postsynaptic membrane conductance and potential (reviewed in [Di Maio, 2008] ). This fundamental signaling cascade, from electric potential to calcium to transmitter release to postsynaptic electric potential, orchestrates computation within any neuronal circuit.
For monitoring voltage changes, electrophysiology is the default approach. Here, direct observations of both de-and hyperpolarization in pre-or postsynaptic cells are possible. Due to the position or size of many neurons, however, direct single-cell recordings are often not feasible and have to be replaced by indirect extracellular recordings or optical imaging. Only recently genetically encoded voltage indicators (GEVIs) have emerged as powerful tools for recording neuronal activity (Cao et al., 2013; Jin et al., 2012; St-Pierre et al., 2014; Tsutsui et al., 2013; Yang et al., 2016) . Experiments with optical voltage indicators such as ASAP2f that are compatible with 2-photon imaging, however, remain challenging due to weak signal-to-noise ratio (Yang et al., 2016) . The fluorescence level of genetically encoded calcium indicators (GECIs) is thought to correlate with transmitter release and is therefore suitable for identifying the crucial signal to the postsynaptic cell (Zucker, 1993) . Although GECIs are being improved continuously and some variants were designed to have especially fast kinetics (e.g., GCaMP6f ), temporal resolution is still limited due to calcium buffering (Borst and Abarbanel, 2007) . This usually leads to decay constants in the order of several hundreds of milliseconds that vary depending on the system under observation (Arenz et al., 2017; Chen et al., 2013) . For glutamatergic neurons, a tool to potentially overcome these limitations is the recently developed fast glutamate sensor iGluSnFR (Marvin et al., 2013) .
Visual motion detection is a canonical example for computation in neural microcircuits. Prevalent models posit that, in both mammalian retina and fly visual system, local direction selectivity emerges from the nonlinear interaction between precisely tuned spatiotemporal filters (Barlow and Levick, 1965; Von Hassenstein and Reichardt, 1956) . Recent work in connectomics on the visual system of Drosophila melanogaster has revealed this computation to be implemented by a circuit that consists of only a few dozen individual cells (Takemura et al., 2017) . The optic lobe is the largest neuropil in the fruit fly's brain and consists of the four consecutive neuropils: lamina, medulla, lobula, and lobula plate (Figure 1 ). Lamina monopolar cells L1 and L2, among others, receive direct photoreceptor input and feed into two parallel pathways Borst, 2014; Clark et al., 2011; Joesch et al., 2010; Rister et al., 2007; Shinomiya et al., 2014; Silies et al., 2013; Takemura et al., 2017; Tuthill et al., 2013) . The ON pathway processes the motion of light increments, whereas the OFF pathway processes the motion of light decrements only (Eichner et al., 2011; Joesch et al., 2013 Joesch et al., , 2010 . Among the medulla interneurons that connect the lamina cells to direction-selective T4 and T5 neurons (Maisak et al., 2013; Takemura et al., 2017) , we find the glutamatergic cell Mi9 that has been characterized with a receptive field responsive to OFF in the center and an antagonistic ON surround (Arenz et al., 2017; Strother et al., 2017) . T4 and T5 neurons each come in four subtypes, tuned to one of the four cardinal directions, and project, according to their preferred direction, to one of the four layers in the lobula plate. Here, T4 and T5 cells make excitatory cholinergic connections onto the dendrites of large tangential cells as well as onto inhibitory lobula plate interneurons (LPis). These neurons in turn inhibit large field tangential cells in the adjacent layer during null direction motion and thus increase their flow-field selectivity (Hausen et al., 1980; Hopp et al., 2014; Schnell et al., 2010; Scott et al., 2002; Wasserman et al., 2015) . To provide this inhibition, LPis release glutamate onto the glutamate Figure 1 . Schematic of the Drosophila Optic Lobe Schematic of the Drosophila optic lobe with glutamatergic cell types in the motion vision pathway. The three cell types are not directly connected to each other but play an import role in the circuit. For the sake of simplicity, postsynaptic partners of the glutamatergic neurons are not displayed but can be reviewed in Mauss et al. (2015) and Takemura et al. (2011 Takemura et al. ( , 2017 . Colored layers indicate area where we imaged glutamate release of the respective cell type. receptor GluCla, which is an inhibitory glutamate receptor only found in invertebrates (Liu and Wilson, 2013; Mauss et al., 2015 Mauss et al., , 2014 .
The exact biophysical mechanisms by which T4 and T5 become direction selective remain unclear. To understand on a cell-by-cell level how direction selectivity is achieved, precise measurements of the signals transmitted between neurons are crucial. In this study, we focus on the final stage of the synaptic signaling cascade, i.e., transmitter release. First, we confirm the neurotransmitter phenotype of all known glutamatergic cell types (L1, Mi9, LPi) in the Drosophila motion vision pathway. Second, using the recently developed fast glutamate sensor iGluSnFR (Marvin et al., 2013) , we comprehensively characterize their spatiotemporal response profiles and compare them with the ones obtained expressing the genetically encoded calcium indicator GCaMP6f .
RESULTS
The Vesicular Glutamate Transporter VGlut Localizes to Axon Terminals of L1, Mi9, and LPi4-3 Neurons
VGlut or DVGLUT (CG9887) is the only vesicular glutamate transporter known in Drosophila. VGlut is located in the vesicle membrane of glutamatergic neurons where it fills the synaptic vesicles with glutamate. The protein localizes to presynaptic terminals of all known glutamatergic neuromuscular junctions (NMJs) as well as to synapses throughout the CNS neuropil in Drosophila (Daniels, 2004) . Hence, VGlut is the most commonly used marker for glutamatergic neurons. Several antibodies have been raised against VGlut to identify glutamatergic neurons in the nervous system of the fruit fly (Daniels, 2004; Mahr and Aberle, 2006) .
Recent studies revealed the glutamatergic phenotype of L1, Mi9, and LPi neurons-each of them a crucial element of the motion vision pathway of the fruit fly Kolodziejczyk et al., 2008; Mauss et al., 2015; Takemura et al., 2017 Takemura et al., , 2011 . The somata of these cell types showed positive immunoreactivity against the VGlut antibody, which was raised against a C-terminal peptide-CQMPSYDPQGYQQQ (Daniels, 2004) . Interestingly, this antibody labeled mainly cell bodies of designated neurons. Since it is known that the vesicular glutamate transporter VGlut is localized to axon terminals, we investigated the glutamatergic transmitter phenotype of L1, Mi9, and LPi4-3 in more detail. We used a different anti-VGlut antibody (Mahr and Aberle, 2006) , which only labels neuronal arborizations in the optic lobe neuropil and no somata. In general, the VGlut protein is highly abundant throughout all four neuropils of the optic lobe ( Figure 2 ).
The axon terminals of L1 neurons show clear overlap with the anti-VGlut signal in layer M1 and M5 of the medulla ( Figure 2A ). The vesicular glutamate transporter VGlut resides at the presynaptic sites of L1 neurons, which indicates their glutamatergic phenotype. In layer M10 of the medulla, the same is found for Mi9 neurons: VGlut staining in this layer is co-localized with GFP-labeled Mi9 axon terminals ( Figure 2B ). This suggests that Mi9 neurons are glutamatergic and that they are the only source of glutamate in layer M10 of the medulla. Furthermore, we found an overlapping signal of LPi4-3 terminals in layer 3 of the lobula plate and anti-VGlut staining ( Figure 2C ). This confirms recent findings (Mauss et al., 2015) that described LPi neurons as glutamatergic, being presynaptic only in one of the two layers where it arborizes.
In summary, we could show that the protein VGlut localizes to axon terminals of the glutamatergic neurons L1, Mi9, and LPi4-3.
Faster Sensor Kinetics Enable More Precise Characterization of Visual Interneurons
One commonly used approach to characterize a sensory neuron is to find its preferred stimulus. This can be achieved by using a white noise input and cross-correlating the resulting output with the input (Dayan and Abbott, 2013; French, 1976; Ringach and Shapley, 2004) , which yields the linear spatiotemporal receptive field as a result (e.g., Figures 3D and 3E , upper panel). The receptive field of a neuron is defined as the location of a stimulus in space and the time relative to its occurrence in which the neuron's response is modulated by the stimulus. The receptive field also describes the specific filtering properties of a system, in space as well as in time. Here, we use simple first-order low-pass, high-pass, or band-pass filters to quantify these filtering properties using the measured receptive fields. A low-pass filter only allows low frequencies to pass and attenuates high frequencies. Conversely, a high-pass filter attenuates low frequencies and allows high frequencies to pass. A band-pass filter is a combination of a high-pass and a low-pass filter in series, allowing signals within a certain frequency band to pass and attenuating all others (Cruse, 1996) . In a linear system, the filters characterized this way are equivalent to the neurons' impulse responses. The temporal impulse response reveals critical aspects of the cellular response kinetics (Dayan and Abbott, 2013; Ringach and Shapley, 2004) .
For this reason, we characterized the spatial extent of the receptive fields as well as the response dynamics of all known glutamatergic cells in the motion vision circuit of Drosophila L1, Mi9, and LPi4-3. Expressing either the fast version of the genetically encoded calcium indicator GCaMP6f or the fast glutamate-sensing reporter iGluSnFR (Marvin et al., 2013 ) with cell-type-specific Gal4 driver lines, we imaged glutamate and calcium signals in single axon terminals ( Figure 3C ). To precisely map the receptive fields of these cells, we used a one-dimensional white noise stimulus consisting of 2.8 wide vertical bars covering the full extent of the arena (180 , Figure 3B , see also Methods). The spatiotemporal receptive fields were then determined from the neuron's calcium or glutamate response by reverse correlation. Cross sections through the peak of the spatiotemporal receptive fields along the space axis therefore yield the one-dimensional spatial receptive fields depicted in Figures 3D and 3E . Cross sections along the time axis yield the temporal filtering properties of the neuron (Chichilnisky, 2001; Dayan and Abbott, 2013; French, 1976; Ringach, 2004) .
To calculate the spatial extent of the cells' receptive field, we fitted a Mexican hat function (also called difference of Gaussians) that best resembled the center-surround structure of the estimated spatial receptive fields. Both neurons show a small confined center of 7 for Mi9 and 9-11 for L1. The full width at half maximum of the surround is about 40-50 for L1 and 20-30 for Mi9. Considering the uncertainty of the fitted model parameters, these values are similar and lie in the same order of magnitude when comparing results from imaging with both sensors. In addition, testing the raw data of both conditions against each other we find no significant difference (see Figures S2A and S2B , p value > 0.5, Welch's t test) of spatial receptive fields neither for L1 nor for Mi9. Both neurons show a small confined center of 7 for Mi9 and 9-11 for L1. The size of the surround has the same order of magnitude for both sensors, 40-50 for L1
and 20-30 for Mi9. This is within the range of uncertainty that the fit is subject to. Testing the raw data of both conditions against each other for the two cell types, however, does not yield a significant difference (see Figures S2A and S2B , right panel).
For a reliable estimation of the time constants of the temporal responses, we transferred the impulse responses of L1 and Mi9 into frequency space and fitted either a first-order low-pass or a first-order band-pass filter to the neurons' responses (see Figures S1C and S1D ). For L1, we find that the data are best represented by a band-pass filter. The filter derived from the iGluSnFR signal has a low-pass time constant of 70 ms and a high-pass time constant of about 400 ms (see Figure S1A ). The time constants derived from the GCaMP6f signal are significantly larger with low-pass and high-pass time constants of 350 and about 1,180 ms, respectively. For Mi9, we find that the temporal properties are best described by a low-pass filter. The estimated time constant of the Mi9 temporal kernel ( Figure 3D , lower Figure S1B ).
For both cell types, the temporal kernel of the calcium response can be derived by low-pass filtering the faster glutamate signal. This is because the kinetics of the calcium sensor can be approximated by a low-pass filter when the intracellular calcium concentration is small compared to the KD value of the indicator (Borst and Abarbanel, 2007) . For both cells, i.e., L1 and Mi9, we can fit the glutamatergic signal to the calcium signal by filtering it with a low-pass filter with a time constant of 360 ms (see Figures S2A and S2B , left panel). LPis, as motion-selective neurons, are not suitable for white noise analysis. To characterize the response properties of the LPi4-3 ( Figure 4A ), we first stimulated single ommatidia with local flicker stimuli that were placed precisely onto the lattice of the fly's eye via a custom-built telescopic device (see Transparent Methods and [Haag et al., 2017 [Haag et al., , 2016 ). LPi4-3 cells responded to the individual pulses with different amplitudes, depending on the position of the stimulus ( Figure 4C ). The maximum response ( Figure 4B , black center) of a recorded neuron was then set as the receptive field's center. All other responses to adjacent stimulation are normalized accordingly. Single flicker stimulations in the center of the receptive field show different time courses ( Figure 4C ) when using the two different indicators. The onset of the calcium response is much slower when compared with the glutamate response. In fact, whereas the glutamate signal shows a short transient peak response and then plateaus after 500ms, the calcium signal does not resolve any similar details in the time course of the response. calcium indicator, which acts as a low-pass filter (Borst and Abarbanel, 2007) . Low-pass filtering the glutamate response (t = 446 ms, Figure S2C ) results in a similar slope and decay as the calcium response. We also asked if the glutamatergic signal of the LPis is indeed direction selective as expected from Mauss et al. (2015) . To asses this question we tested LPi4-3 cells with five light pulses of 472 ms duration positioned along the dorsoventral axis of the eye. When stimulated sequentially from dorsal to ventral (Figure 4D ), the cell responded more strongly (PD, red line) than when we showed the same stimulus in the opposite direction (ND, black line, paired sample t test, p value < 0.01). We therefore conclude that the sensor is indeed also suitable for resolving glutamatergic direction-selective signals.
DISCUSSION
In this study we showed that all three investigated cell types (L1, Mi9, LPi4-3) express the vesicular transporter for glutamate, VGlut, in their axon terminals (Figure 2 ). To our knowledge, L1, Mi9, and LPi are the only glutamatergic cells in the Drosophila motion vision circuit. Two studies using either antibody stainings (Kolodziejczyk et al., 2008) a Flp-out analysis of the dvGlutCNSIII-Gal4 driver line (heat-shock inducible flipase excises stop-cassette upstream of mCD8-GFP to label only a few cells) (Raghu and Borst, 2011) found L2 cells to be glutamatergic. However, a recent RNA sequencing study that characterized gene expression patterns of more than 60 different cell types of the optic lobe could not confirm the expression of VGlut in L2 (Davis et al., 2018) . Although they could identify other cell types like Dm cells, Lai, PB_1, Tm29, and TmY5a as glutamatergic due to their expression of VGlut, none of the other cells in the motion vision circuit (besides L1, Mi9, and LPi) seem to express VGlut. The role of Dm, Lai, PB, Tm29, and TmY5a cells in general and their potential contribution to motion vision in the fly brain are not known to date.
We also demonstrated that the spatial receptive fields measured with the glutamate sensor iGluSnFR are almost identical to the ones measured with the calcium sensor GCaMP6f (Figures 3 and 4) . Both neurons possess a local OFF center receptive field with a differently strong antagonistic ON surround. Surround inhibition is a phenomenon frequently found in the early processing stages in visual systems: Bipolar and ganglion cells of the mammalian retina possess receptive fields with an antagonistic center-surround structure (reviewed in Shapley and Lennie, 1985) , and first-order interneurons of the insect compound eye share this feature as well (Srinivasan et al., 1982) . Functionally, a neuron with a center-surround antagonism acts as a spatial band-pass filter, enhancing the neuron's responses to edges over full field illuminations. Such bandpass filtering reduces redundancy in natural images (Srinivasan et al., 1982) . We find such spatial band-pass characteristics for both cell types, L1 and Mi9. Based on their spatial receptive fields, we predict, for instance, no response of Mi9 to wide field dark flashes since the integral of the spatial receptive field is close to zero.
In the time domain, however, the glutamate signal turned out to be much faster than the calcium signal derived from the same cells. Due to their small size, many visual interneurons in the fly brain are inaccessible to electrophysiological recordings, so only a few direct recordings have been reported (Behnia et al., 2014; Gruntman et al., 2018; Juusola et al., 2016) . Since data from voltage recordings from L1, Mi9, and LPi are not available so far, a direct comparison with the time constant estimated here is not possible. Simulation studies predicted time constants between 50 and 100 ms for the delayed input to the fly motion-detecting neurons (Eichner et al., 2011; Leonhardt et al., 2016) . Since Mi9 is thought to provide this signal to T4 cells, the elementary motion-sensing neurons in the ON pathway, the low-pass time constant of 75 ms estimated here matches this prediction well. In addition, a previous study determined the low-pass time constant for Mi9 to be around 550 ms from calcium imaging experiments. A deconvolution of the filter with an estimated GCaMP kernel led to a resulting time constant of 63 ms (Arenz et al., 2017) . This result again is in line with the time constants of the Mi9-iGluSnFR of 75 ms reported here.
In the mammalian CNS, glutamate is the most abundant and major excitatory transmitter (Meldrum, 2000; Traynelis et al., 2010) . Glutamate binds to two types of receptors: metabotropic (mGluRs) and ionotropic glutamate receptors (iGluRs). iGluRs can be divided into N-methyl-D-aspartate (NMDA) and non-NMDA receptors (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid [AMPA] and kainate receptors) according to their response to agonist molecules NMDA and AMPA (Mosbacher et al., 1994) . Analysis of the Drosophila genome annotated 14 iGluRs genes, which show sequence similarities with vertebrate AMPA, kainite, and NMDA receptors (Littleton and Ganetzky, 2000) . However, the kainite receptor DKaiR1D and the AMPA receptor DGluR1A have different agonist/antagonist selectivity from the vertebrate's pharmacology-based classification (Li et al., 2016) . Furthermore, invertebrates like Drosophila melanogaster possess a third type of iGluR, the so-called glutamate-gated chloride channel GluCla, which is inhibitory (Cully et al., 1996; Liu and Wilson, 2013) . Glutamate can also act on metabotropic glutamate receptors, which signal via slower G-protein-coupled pathways. In mammals, eight mGluRs have been described (Conn and Pin, 1997) . In contrast, the Drosophila genome encodes only one functional mGluR (DmGluRA), which is expressed at the glutamatergic NMJ localized in the presynaptic boutons (Bogdanik et al., 2004) . Regarding the broad range of glutamate receptors in Drosophila, glutamate can act as a fast, slow, excitatory, or inhibitory transmitter (Li et al., 2016; Liu and Wilson, 2013; Mauss et al., 2015) .
This gives rise to interesting speculations about the respective role of glutamate for each of the cell types investigated. In the case of the LPis, glutamate binds to the inhibitory glutamate receptor GluCla on the dendrites of large-field tangential cells, inhibiting them during null direction motion and, thus, enhancing their flow-field selectivity (Mauss et al., 2015) . In the case of L1, the glutamatergic output signal seems to be key for the sign inversion of L1's OFF response in the ON pathway. This is because all Drosophila photoreceptors (R1-R8) depolarize upon illumination and release histamine onto lamina neurons, which results in the opening of chloride channels (Hardie, 1989; Hardie and Raghu, 2001) . Therefore, lamina monopolar cells transiently hyperpolarize upon illumination onset and respond with a rebound excitation at illumination offset (Laughlin et al., 1987) . L1 and L2 neurons respond in an identical way . L1 possess an OFF receptive field center ( Figure 3D ) and therefore depolarizes to OFF stimuli, in contrast to its described downstream synaptic partners, which depolarize to ON stimuli (Arenz et al., 2017; Behnia et al., 2014; Strother et al., 2017; Yang et al., 2016) . Hence, an inversion of the sign must occur at the synapse of L1 and its downstream partners. Since L1 is glutamatergic and GluCla is the only inhibitory receptor described in Drosophila, the glutamatergic signal is likely to be responsible for this sign inversion. Whether the downstream partners of L1 indeed express GluCla, however, is beyond the scope of this study and awaits further investigation. The hypothesis outlined above suggests that the mechanism by which a common photoreceptor input signal is split into an ON and an OFF pathway in invertebrates is different from the one in the mammalian retina where glutamatergic photoreceptors hyperpolarize in response to light. This signal is directly transmitted, i.e., without sign inversion, by ionotropic glutamate receptors expressed on the dendrites of OFF bipolar cells (Euler et al., 2014) and sign inverted by metabotropic glutamate receptors expressed on the dendrites of ON bipolar cells (Masu et al., 1995) . In case of Mi9, the functional interpretation of an inhibitory glutamatergic signal is less intuitive. Mi9 directly contacts the dendrites of T4 cells, the first direction-selective neurons in the ON pathway (Takemura et al., 2017) . Given the OFF response of Mi9 cells ( Figure 3D ), T4 cells are expected to be inhibited in darkness via the Mi9-T4 synapse. A moving ON edge would inhibit Mi9 followed by a closure of chloride channels and, thus, an increased input resistance in postsynaptic T4 cells, resulting in an amplification of a subsequently delivered excitatory input signal. Computer simulations have shown that such a two-fold signal inversion can indeed form the biophysical basis of preferred direction enhancement underlying direction selectivity in T4 cells (Borst, 2018) .
Taken together our results could demonstrate the functionality of the fast glutamate reporter iGluSnFR in glutamatergic neurons of the fruit fly Drosophila melanogaster. It allowed for a more faithful description of important elements of the motion vision pathway, in particular with respect to their temporal response properties.
Limitations of the Study
Since iGluSnFR is anchored to the outer side of the plasma membrane, it senses extracellular glutamate that is present in the synaptic cleft. In addition, the iGluSnFR signal is affected by spillover and diffusion to iGluSnFR molecules outside the cleft. Thus, the iGluSnFR signal should present an upper limit to the ''real'' time course, i.e., the one of glutamate in the synaptic cleft as seen by the postsynaptic receptors. For the same reason, one might record an iGluSnFR signal even if the indicator is expressed on a neuron that is not glutamatergic or does not receive glutamatergic input, but ramifies within the same volume where glutamate is being released from other cells.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. 
SUPPLEMENTAL INFORMATION

